Multifunctional theranostics have recently been intensively explored to optimize the efficacy and safety of therapeutic regimens. In this work, a photo-theranostic agent based on chlorin e6 (Ce6) photosensitizer-conjugated silica-coated gold nanoclusters (AuNCs@SiO 2 -Ce6) is strategically designed and prepared for fluorescence imaging-guided photodynamic therapy (PDT). The AuNCs@SiO 2 -Ce6 shows the following features: i) high Ce6 photosensitizer loading; ii) no nonspecific release of Ce6 during its circulation; iii) significantly enhanced cellular uptake efficiency of Ce6, offering a remarkably improved photodynamic therapeutic efficacy compared to free Ce6; iv) subcellular characterization of the nanoformula via both the fluorescence of Ce6 and plasmon luminescence of AuNCs; v) fluorescence imaging-guided photodynamic therapy (PDT). This photo-theranostics owns good stability, high water dispersibility and solubility, non-cytotoxicity, and good biocompatibility, thus facilitating its biomedical applications, particularly for multimodal optical, CT and photoacoustic (PA) imaging guided PDT or sonodynamic therapy.
Introduction
The development of activatable theranostics with the capacity to respond to a given stimulus has attracted extensive interest owing to their dramatically enhanced selectivity and facts into consideration, the PS conjugation strategy is a better choice than PS encapsulation strategy in PDT, since the conjugation strategy owns high drug loading, does not affect the absorbance of the PSs, effectively avoids self-aggregation and leakage of the PSs, and blocks the direct interaction between PSs and matrices [34, 38] .
Many types of fluorescent materials, such as QDs, and UCNPs have been applied for optical imaging and as platforms for drug/gene delivery. However, most traditional QDs contain heavy metal elements (such as Cd 2+ , Pb 2+ , etc.). The cytotoxicity of the released heavy metal ions in biological systems and potential environmental hazard of these ions limit further applications of QDs in theranostics [53] [54] [55] . For UCNPs, the lanthanide complexes as a typical delegate have disadvantages in thermal stability and mechanical stability which limit further applications [56] . On the other hand, noble metal nanoclusters such as gold nanoclusters (AuNCs) are highly attractive because of their high fluorescence, good photostability, non-toxicity, excellent biocompatibility and water-solubility [57] . Herein, we constructed a photo-theranostics based on Ce6-conjugated silica-coated gold nanoclusters (AuNCs@SiO 2 -Ce6) for fluorescence imaging-guided PDT.
Materials and Methods

Synthesis of AuNCs
Gold nanoclusters (AuNCs) were prepared by a previously reported method [58] . Briefly, 10 ml of HAuCl 4 solution (10 mM) was added into 10 ml of bovine serum albumin (BSA) solution (50 mg/ml) under vigorous magnetic stirring for over 2 min at 37 °C, then 250 ul of L-ascorbic acid (0.35 mg/ml) was added by dropwise. After 5 min, 1 ml of NaOH solution (1 M) was introduced, and the resulting mixed solution was incubated at 37 °C for 9 h. The color of the solution turned into light brown and finally changed into dark brown. The reaction mixture was kept in the refrigerator (4 °C) under the dark for further use.
Synthesis of AuNCs@SiO 2
Silica coating was conducted to obtain a core-shell structure fluorescence nanoparticle via a modified Stöber method. In a typical experiment, 200 μl of AuNCs was added into 20 ml of alcoholic solution containing 800 μl of ammonia (ca. 28 wt%) under sonication for 5 min. Then, 200 μl of tetraethylorthosilicate (TEOS, 99.9%) was added under vigorous magnetic stirring for 1 h. Afterwards, another 200 μl of TEOS was added under vigorous stirring. The entire system was vigorously stirred for 24 h. AuNCs@SiO 2 were collected by centrifugation at a speed of 9000 rpm and washed with ethanol and deionized (DI) water for several times. The obtained purified AuNCs@SiO 2 samples were redispersed into DI water for further characterization and application.
Quantification of the number of AuNCs in a single AuNCs@SiO 2
The obtained purified AuNCs@SiO 2 samples were collected by centrifugation and dried at 60 °C for 3 h in vacuum oven. Then the dry powder of AuNCs@SiO 2 was put in a quartz crucible and calcined at 600 °C for 2 h. In the process of calcination, the bovine serum albumin (BSA) molecules capping on the surface of AuNCs will decompose into CO 2 and H 2 O, then all of AuNCs will fuse together into a single GNP.
Synthesis of AuNCs@SiO 2 -Ce6
Excess amount of 3-aminopropyltrimethoxysilane (APTS) was added to the AuNCs@SiO 2 solution with rapid stirring for 12 h. The resultant was washed with DI water for several times. APTS modified silica-coated AuNCs (AuNCs@SiO 2 -NH 2 ) were terminated with amine groups. Covalent binding of Ce6 to the AuNCs@SiO 2 -NH 2 was performed using a standard EDC-NHS reaction. Carboxyl groups of Ce6 (2 mg) were activated by an EDC/ NHS solution for 30 min. Following activation, 6 mg of AuNCs@SiO 2 -NH 2 were added to form a mixed solution and allowed to react at room temperature for 12 h. The resultants were washed five times by DI water and ethanol alternatively for removing unreacted chemicals by centrifugation at 9000 rpm for 10 min. The product was dispersed in PBS buffer (pH= 7.4) for further characterization and application.
Characterization of AuNCs@SiO 2 -Ce6
The morphology and size of the aqueous dispersion of the samples were characterized using transmission electron microscopy (TEM) (FEI Tecnai 12), operating at an accelerating voltage of 120 kV. UV-vis spectra were measured by a Genesys 10S UV-Vis Spectrophotometer (Thermo Scientific, Waltham, MA). Fourier transform infrared (FTIR) spectroscopy of AuNCs@SiO 2 -Ce6 was recorded using a Perkin-Elmer spectrum GX spectrophotometer. Fluorescence spectra were recorded on a Hitachi F-7000 spectrofluorometer. The surface charge of the samples was measured with Zeta potential measurements in water (NICOMP 380ZLS zeta potential/particle size analyzer).
Conjugation and loading efficiency measurements
UV-vis measurements of AuNCs@SiO 2 -Ce6 at different concentrations were carried out. Loading efficiency of AuNCs@SiO 2 -Ce6 was also calculated by the Ce6 UV calibration curve at 663 nm (in PBS solution). Every experiment was repeated three times.
Singlet oxygen detection
Singlet oxygen sensor green (SOSG) that is highly selective for singlet oxygen, was used to evaluate the singlet oxygen generation (SOG) of AuNCs@SiO 2 -Ce6. The concentration of Ce6 in AuNCs@SiO 2 -Ce6 is fixed at 0.5 μM. The mixture solutions were irradiated with a 671 nm laser (200 mW/cm 2 ). SOSG was dissolved in water containing 2% methanol with the final concentration of 1 μM. SOSG fluorescence emission was produced using an excitation wavelength of 494 nm. The sample's SOG was evaluated by the SOSG fluorescence enhancement compared with the background or control samples.
Subcellular localization and uptake efficiency
MDA-MB-435 cell line was cultured in L-15 medium medium containing 10% fetal bovine serum and incubated at 37 °C in a humidified 5% CO 2 atmosphere. For subcellular colocalization, cells (1 × 10 4 cells per well) were seeded in 8-well lab-Tek chamber slide and incubated overnight. Then the cells were incubated with 10 μM AuNCs@SiO 2 -Ce6 in the dark for 24 h. After being rinsed with PBS (pH 7.4) for three times, the cells were stained by DAPI (4′, 6-diamidino-2-phenylindole) and Alexa Fluor® 488 Dye, and observed by fluorescence imaging using a laser scanning confocal microscope (FLUOVIEW FV10i, Olympus).
For cellular uptake efficiency, the cells (5 × 10 4 cells per well) were seeded in 6 well plates and incubated overnight, then incubated with 10 μM AuNCs@SiO 2 -Ce6. At different incubation time points (0.5, 1, 2, 6, and 24 h), cells were rinsed with PBS for three times, trpsinized, and resuspended with medium. Afterwards, cells were analyzed by Accuri C6 flow cytometer using C Flow Plus software (BD, Ann Arbor, MI).
In vitro laser-induced PDT effect
Two plates were set up as dark control and experimental group for the MTT assay. MDA-MB-435 cells (1 × 10 4 cells per well) were seeded in 96-well plates and incubated overnight at 37 °C in a humidified 5% CO 2 atmosphere. After being rinsed with PBS (pH 7.4), the cells were incubated with free Ce6 and AuNCs@SiO 2 -Ce6 at a concentration range of 0~20 μM for 12 h at 37 °C under the same conditions. Afterwards, the cells were then rinsed again with PBS and immersed in 100 μl of fresh culture medium before being illuminated. For the free Ce6 group, the cells were illuminated using a 671 nm laser with energy density of ~2 W/cm 2 for 3 min. For the AuNCs@SiO 2 -Ce6 group, the cells were illuminated using a 671 nm laser with energy density of ~2 W/cm 2 for 1 min. After illumination, cells were incubated for 24 h in a 5% CO 2 , 95% air humidified incubator at 37 °C. Dark control group keep identical to the experimental group except for illumination. The standard MTT assay was carried out to evaluate the cell viability.
In vivo fluorescence imaging-guided PDT
Animal procedures were performed according to a protocol approved by the National Institutes of Health Clinical Center Animal Care and Use Committee (NIH CC/ACUC). The tumor model was established in 4-6 week-old female nude mice by subcutaneous injection of 5×10 6 of MDA-MB-435 cells to the right shoulder. When the tumor size reached ~60 mm 3 (10-14 days after tumor inoculation), MDA-MB-435 tumor-bearing mice were used for fluorescence imaging and photodynamic therapy. After tail vein injection of AuNCs@SiO 2 -Ce6, the mice were anesthetized and placed on an animal plate heated to 37°C
. The fluorescent scans were performed using Cambridge Research & Instrumentation (CRi) in vivo imaging system (CRi, MA, USA)at various time points (1, 2, 4 and 24 h) after i.v. injection. The tumor bearing mice were sacrificed by exsanguinations at 24 h postinjection and the tumor and major organs were harvested.
MDA-MB-435 tumor-bearing mice were divided into 4 groups (n = 5/group) to determine tumor growth rate after the following treatments: (a) PBS + irradiation; (b) Ce6 + irradiation; (c) AuNCs@SiO 2 -Ce6 only; and (d) AuNCs@SiO 2 -Ce6 + irradiation. The tumor was irradiated for 10 min using a 671 nm laser (100 mW/cm 2 ) coupled to a 1 m quartz fiber optic cable terminating in a microlens to distribute light uniformly throughout the treatment field. The tumor sizes were measured by caliper every two days after treatment. Tumor volume (V) was determined by the following equation: V = AB 2 *0.52, where A was the longer and B was the shorter diameter (mm). The relative tumor volumes were normalized to their initial sizes.
Results and Discussion
Synthesis of AuNCs@SiO 2 -Ce6
AuNCs are different from gold nanoparticles in that they can be highly fluorescent, do not support a surface plasmon, and do not have the metallic and bulk-like properties of nanoparticles and nanocomposites [58] . Therefore, noble metal nanoclusters are a good theranostic candidate for both fluorescence imaging and drug loading. Fluorescent AuNCs consisting of 25 gold atoms were prepared by a protein-directed biomimetic synthesis method with a red emission and a quantum yield (QY) of around 6% [57] . Due to its ultrasmall size (< 1 nm), AuNCs are difficult to separate and purify [59] . To solve this problem, silica nanoparticles were used to entrap AuNCs by a modified Stöber method [35] . Silica coating has a number of traits over commonly used organic polymers. For example, silica is extremely stable, and not vulnerable to microbial attack [45] . Unlike polymers, there is typically no swelling or porosity change for silica with a change in pH. Silica can also be easily modified on the surface with a variety of functional groups using silane chemistry and commercially available organosilicon reagents for further surface functionalization [24, 60] . More importantly, silica plays a protective role to improve the photostability and the chemical stability of the fluorescent AuNCs [45] . As illustrated in Figure 1 , AuNCs were coated by a silica layer to form a fluorescent core-shell nanostructure. A silane coupling agent, 3-aminopropyltrimethoxysilane (APTS), was used to modify the silica surface for further conjugation [33] . Covalent binding of Ce6 to AuNCs@SiO 2 -NH 2 was performed using a modified EDC-NHS reaction [34, 61] . After calcination of AuNCs@SiO 2 at 600 °C for 2 h, the AuNCs in the core were fused into a single gold nanoparticle (GNP).
TEM images and size distribution of AuNCs@SiO 2 -Ce6
The size and morphology of the as-prepared AuNCs@SiO 2 , GNP@SiO 2 and AuNCs@SiO 2 -Ce6 were characterized by transmission electronic microscopy (TEM) ( Figure 2 ). As show in Figure 2a & b, AuNCs@SiO 2 are spherical nanoparticles with an average size of 67.93 ± 8.5 nm, estimated by measuring 200 randomly selected nanoparticles in the enlarged TEM images. The corresponding histogram of the AuNCs@SiO 2 shows that the particle size distribution can be fitted by a Gaussian curve (Supplementary Figure S1a) . Moreover, the nanoparticles with well-defined core-shell nanostructures are rather monodisperse. The silica shell has an average thickness of 24.37 ± 3.5 nm. The AuNCs core has an average size of 22.42 ± 3.65 nm. The corresponding histograms of the thickness of silica shell and the size of AuNCs core also suggest Gaussian distribution of the sizes (Supplementary Figure S1b & c) .
Quantification of the number of AuNCs in a single AuNCs@SiO 2
To quantify the number of AuNCs per AuNCs@SiO 2 , the dry powder of AuNCs@SiO 2 was calcined at 600 °C for 2 h. In the process of calcination, bovine serum albumin (BSA) molecules capped on the surface of AuNCs were decomposed into CO 2 and H 2 O, and all the AuNCs were fused into a single GNP. Figure 2c & d show the TEM images of AuNP@SiO 2 . As can be seen, AuNP@SiO 2 displays a well-defined "nanorattle" structure. There is a single GNP in every silica nanoparticle. This result suggests that the silica nanoparticles can be used as nanoreactors for bottom-up synthesis of metal nanoparticles. The average size of GNPs in AuNP@SiO 2 is 4.31 ± 0.38 nm, estimated by measuring 100 randomly selected nanoparticles in the enlarged TEM images. The corresponding histogram of GNPs also shows Gaussian distribution of the particle size (Supplementary Figure S1d) . Given the size of a gold atom (0.017 nm 3 ), the volume of an AuNC consisting of 25 gold atoms is thus 0.425 nm 3 . The number of AuNCs in a single AuNCs@SiO 2 can be calculated using Equation 1, where R is the radius of the GNPs. It is estimated to have about 100 ± 25 AuNCs per nanoparticle. Figure S1e) . After conjugation with Ce6, the core-shell nanostructures of AuNCs@SiO 2 cannot be observed, which is attributed to the high electron density of the abundant Ce6 molecules coated on the surface of AuNCs@SiO 2 . Figure 3a shows the photographs of AuNCs@SiO 2 , GNPs@SiO 2 , and AuNCs@SiO 2 -Ce6 in eppendorf tubes after centrifugation. One can see that the AuNCs@SiO 2 display white color. After calcination, the GNPs@SiO 2 display red color, due to the formation of GNPs by the fusion of AuNCs. After conjugation, the AuNCs@SiO 2 -Ce6 display dark green color, due to the existence of Ce6 on the surface of AuNCs@SiO 2 . The AuNCs@SiO 2 -Ce6 are stable in various media such as ultrapure water (UPW), deionized water (DI), PBS buffer (pH 7.4) and cell medium (Figure 3b) . Figure 3c shows UV-vis absorbance spectra of AuNCs@SiO 2 , pure Ce6, and AuNCs@SiO 2 -Ce6. Pure Ce6 exhibits a strong Soret absorption at 406 nm and weak Q-bands between 500 and 700 nm [35] . AuNCs@SiO 2 without Ce6 do not show characteristic absorption peaks of Ce6 in the range of 300~800 nm. After conjugation with Ce6, the absorption of AuNCs@SiO 2 -Ce6 is similar to that of Ce6, indicating no changes to the Ce6's chromophore upon conjugation. The conjugation efficiency of Ce6 was calculated by using Ce6 UV calibration curve at 663 nm (in PBS solution). The standard curve had a good linear relationship, described by the following typical equation:
Conjugation and Loading Efficiency of AuNCs@SiO 2 -Ce6
. The conjugation efficiency is 351.3% based on the added Ce6. The drug loading efficiency of AuNCs@SiO 2 -Ce6 is ~14.6 wt%.
In the excitation spectrum (Supplementary Figure S2) , AuNCs@SiO 2 show the excitation peak at 470 nm and a strong shoulder in the range of 360~400 nm. The fluorescence emission spectra of AuNCs@SiO 2 show shifted emission peaks from 585 nm to 696 nm as the excitation wavelength was changed from 360 nm to 470 nm. After conjugation with Ce6, the AuNCs@SiO 2 -Ce6 show excitation peaks at 400 and 470 nm (Supplementary Figure  S3) , which are corresponding to the excitation peaks of Ce6 and AuNCs, respectively. The fluorescence emission spectra of AuNCs@SiO 2 -Ce6 in DI water by different excitation wavelengths are shown in Figure 3c . Upon 360 nm excitation, AuNCs@SiO 2 -Ce6 show two emission peaks at 588 and 659 nm, which are corresponding to the emission peaks of Ce6 and AuNCs, respectively. Upon 400 nm excitation, AuNCs@SiO 2 -Ce6 show one emission peak at 655 nm, which belongs to Ce6. Upon 470 nm excitation, AuNCs@SiO 2 -Ce6 show one emission peak at 700 nm, which belongs to AuNCs (Supplementary Figure S4) . Therefore, the fluorescence emission of AuNCs@SiO 2 -Ce6 can be adjusted by the change of excitation wavelengths.
Zeta potentials of AuNCs@SiO 2 , AuNCs@SiO 2 -NH 2 , and AuNCs@SiO 2 -Ce6 were recorded at pH 7.0 and shown in Figure 3d . The zeta potential of AuNCs@SiO 2 is −25.22 ± 3.22 mV, due to the existence of -OH groups on the surface of AuNCs@SiO 2 . After modification with APTS, the zeta potential of AuNCs@SiO 2 -NH 2 is 47.23 ± 3.62 mV, due to the existence of NH 2 groups on the surface of AuNCs@SiO 2 -NH 2 . The surface functionalization of AuNCs@SiO 2 was further characterized by FT-IR spectroscopy (Supplementary Figure S5) . The bands at 1640 and 3247 cm −1 confirm the presence of amide bond and successful coupling of Ce6 onto the surface of AuNCs@SiO2-NH 2 . After conjugation with Ce6, the zeta potential of AuNCs@SiO 2 -Ce6 turns into −40.24 ± 3.70 mV. These results suggest that Ce6 was successfully conjugated with the amino groups of APTS on the surface of AuNCs@SiO 2 .
Single oxygen detection
The generation of SO by AuNCs@SiO 2 -Ce6 was detected chemically using the singlet oxygen sensor green (SOSG) as a detector [62] [63] [64] . Figure 4a & b show the decrease in optical density (OD) at 404 and 646 nm as the function of irradiation time. As shown in Figure 4c , the SOSG's fluorescence intensity exhibits a time-dependent enhancement after reaction with SO, generated from AuNCs@SiO 2 -Ce6 upon irradiation. Meanwhile, the Ce6's fluorescence intensity exhibits a time-dependent reduction. Figure 4d shows the increase and decrease in fluorescence intensity at the characteristic peaks of SOSG (530 nm) and Ce6 (662 nm) as a function of laser irradiation time, respectively. For SOSG alone and SOSG + AuNCs@SiO 2 with laser irradiation groups, the fluorescence intensities remain unaltered, which indicate that AuNCs@SiO 2 alone cannot generate SO.
Subcellular localization and uptake efficiency
A laser scanning confocal microscope was used to verify the cellular localization of AuNCs@SiO 2 -Ce6 in MDA-MB-435 cells (Figure 5a ). After the nuclei and F-actin of the tumor cells were simultaneously stained with DAPI (4′, 6-diamidino-2-phenylindole) (Figure 5b ) and Alexa Fluor® 488 Dye (Figure 5c ), respectively. AuNCs@SiO 2 -Ce6 were found to be located in the vesicles, such as lysosomes (Figure 5f ). Almost complete co- (Figure 6c ). The fluorescence intensity of Ce6 in AuNCs@SiO 2 -Ce6 group is always significantly higher than that in the free Ce6 group at all the time points examined. The mean fluorescence intensity (2.29 × 10 6 a.u.) of Ce6 in the AuNCs@SiO 2 -Ce6 group was much stronger than that in the free Ce6 group (6.88 × 10 5 a.u.) after 24 h incubation. For the AuNCs@SiO 2 -Ce6 group, the fluorescence intensity of Ce6 rapidly increased and reached a plateau after being incubated for 6 h. For free Ce6 group, the fluorescence intensity of Ce6 slowly increased in the course of 24 h (Figure 6d and Supplementary Figure S7) . These results further validated the more rapid and enhanced cellular uptake efficiency of AuNCs@SiO 2 -Ce6, because of the higher internalization efficacy of AuNCs@SiO 2 -Ce6 through endocytosis than passive diffusion of free Ce6 into cells.
In vitro laser-induced PDT effect
PDT effects of free Ce6 and AuNCs@SiO 2 -Ce6 in the concentration range of 0320 μM on MDA-MB-435 cells was detected by 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. As shown in Figure 7a , cell viability was normalized by control groups for cells without the treatment of drugs and irradiation. Without laser irradiation, AuNCs@SiO 2 -Ce6 exhibited negligible toxicity to MDA-MB-435 cells. In contrast, the cell viability of irradiated groups gradually decreased with the increase of Ce6 and AuNCs@SiO 2 -Ce6 concentration, indicating a laser irradiation induced concentrationdependent cytotoxicity on tumor cells. AuNCs@SiO 2 -Ce6 showed a significantly improved PDT efficacy over free Ce6 at all the studied concentrations. This result indicates that enhanced cellular uptake efficiency of Ce6 is responsible for the improved photodynamic therapeutic efficacy of AuNCs@SiO 2 -Ce6. Laser-triggered PDT effect of AuNCs@SiO 2 -Ce6 was also observed using Calcein AM and ethidium homodimer-1 co-staining. In the non-irradiated control group, the cells all display green fluorescence, which suggests that the cells keep good physiological state with spindle cell type (Figure 7b ). Figure 7c shows that the tumor cells on the laser spot center display intense homogeneous red fluorescence in the nuclei, indicating cells are killed by AuNCs@SiO 2 -Ce6 upon irradiation. As shown in Figure 7d , at the boarder of the laser spot, cells without irradiation display green fluorescence and cells with irradiation are stained with red fluorescence and appear as small round or polygonal type. The results indicate that AuNCs@SiO 2 -Ce6 have the capability of selective PDT effect on tumor cells.
In vivo fluorescence imaging-guided PDT
To demonstrate the ability of AuNCs@SiO 2 -Ce6 for in vivo photo-theranostic, we investigated its feasibility for fluorescence imaging-guided PDT. When the tumors reached 60 mm 3 , the mice were treated with intravenous injection of AuNCs@SiO 2 -Ce6 (5 μmol equevalent of Ce6/kg body weight). NIR fluorescence imaging was employed to monitor PDT in vivo. As shown in Figure 8a , after injection, significant fluorescence emitted from the AuNCs@SiO 2 -Ce6 injected mice was observed in the tumor area. Meanwhile, there are also fluorescence signal in the other tissues. At 24 h time point, the organs of AuNCs@SiO 2 -Ce6 injected mice were harvested for ex vivo imaging to quantify tissue/ organ distribution (Figure 8b & c) . The results suggest that AuNCs@SiO 2 -Ce6 preferentially accumulates at the tumor sites based on the enhanced permeability and retention (EPR) effects. In vivo photodynamic therapeutic efficacy of AuNCs@SiO 2 -Ce6 was evaluated by measuring tumor growth rates. Tumor volumes were normalized to their initial sizes. AuNCs@SiO 2 -Ce6 administration/irradiation groups showed remarkable tumor regression (P < 0.05) as illustrated in Figure 8d . The in vivo photodynamic therapeutic efficacy was significantly enhanced in AuNCs@SiO 2 -Ce6 treated group, compared with free Ce6 treated group. These results indicate that AuNCs@SiO 2 -Ce6 has excellent imaging capability without compromising the PDT efficacy, and is suitable for NIR fluorescence imaging-guided PDT treatment.
Conclusion
We have successfully constructed a photo-theranostic formula based on chlorin e6-conjugated silica-coated gold nanoclusters (AuNCs@SiO 2 -Ce6) for fluorescence imagingguided PDT. The AuNCs@SiO 2 -Ce6 shows the following features: i) high Ce6 photosensitizer loading; ii) no non-specific release of Ce6 during its circulation; iii) significantly enhanced cellular uptake efficiency of Ce6, offering a remarkably improved photodynamic therapeutic efficacy compared to free Ce6; iv) subcellular characterization of the nanoformula via both the fluorescence of Ce6 and plasmon luminescence of AuNCs; v) fluorescence imaging-guided photodynamic therapy (PDT). This photo-theranostics owns good stability, high water dispersibility and solubility, non-cytotoxicity, and good biocompatibility, thus facilitating its biomedical applications, particularly for multi-modal optical, CT and photoacoustic (PA) imaging guided PDT or sonodynamic therapy.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Illustration of the synthetic procedure of Ce6-conjugated silica-coated gold nanoclusters (AuNCs@SiO 2 -Ce6) for photodynamic therapy and the calcination of AuNCs@SiO 2 into AuNP@SiO 2 . (1) AuNCs were coated by a silica layer to form a fluorescent core-shell nanostructure using a modified Stöber method. (2) A silane coupling agent, 3-aminopropyltrimethoxysilane (APTS), was used to modify the silica surface for further conjugation. (3) Covalent binding of Ce6 to the AuNCs@SiO 2 -NH 2 was performed using a modified EDC-NHS reaction. (4) AuNCs@SiO 2 was calcined at 600 °C for 2 h to fuse into GNP@SiO 2 . 
